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Developing Arabidopsis (Arabidopsis thaliana) seeds and embryos represent a complex set of cell layers and tissues that mediate
the transport and partitioning of carbohydrates, amino acids, hormones, and signaling molecules from the terminal end of the
funicular phloem to and between these seed tissues and eventually to the growing embryo. This article provides a detailed
analysis of the symplastic domains and the cell-to-cell connectivity from the end of the funiculus to the embryo, and within the
embryo during its maturation. The cell-to-cell movement of the green fluorescent protein or of mobile and nonmobile green
fluorescent protein fusions was monitored in seeds and embryos of plants expressing the corresponding cDNAs under the
control of various promoters (SUC2, SUC3, TT12, and GL2) shown to be active in defined seed or embryo cell layers (SUC3,
TT12, and GL2) or only outside the developing Arabidopsis seed (AtSUC2). Cell-to-cell movement was also analyzed with the
low-molecular-weight fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonate. The analyses presented identify a phloem-unloading
domain at the end of the funicular phloem, characterize the entire outer integument as a symplastic extension of the phloem,
and describe the inner integument and the globular stage embryo plus the suspensor as symplastic domains. The results also
show that, at the time of hypophysis specification, the symplastic connectivity between suspensor and embryo is reduced or
interrupted and that the embryo develops from a single symplast (globular and heart stage) to a mature embryo with new

symplastic domains.

Long-distance allocation and partitioning of photo-
assimilates in higher plants is mediated via highly
specialized cells in the phloem. In Arabidopsis (Arabi-
dopsis thaliana), Suc is loaded into the companion cells
(CCs) of fully developed source leaves and moves sym-
plastically into the enucleate sieve elements (SEs). Suc-
rose loading into the CCs is catalyzed by the AtSUC2
Suc transporter (Stadler and Sauer, 1996), an energy-
dependent H'-symport protein (Sauer and Stolz, 1994)
essential for Arabidopsis development (Gottwald et al.,
2000). In contrast, other Suc transporters that were also
identified in the vascular tissue (AtSUC3 [Meyer et al.,
2000] and AtSUC4 [Weise et al., 2000]) do not seem to be
essential for phloem transport. In Arabidopsis, small
amounts of the loaded Suc are converted into raffinose
(Haritatos et al., 2000), which is a major component of the
phloem sap in other plant species. Driven by Miinch’s
mass flow, both compounds are allocated to the different
sink organs.

In contrast to this quite clear situation on the loading
side of the Arabidopsis phloem (one organ [the source
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leaves], one mechanism [apoplastic loading], and
mainly one protein for the loading of carbohydrates
[AtSUC2]), the situation is much more complex at its
unloading ends. Developmental status and environ-
mental conditions (Sun et al., 2004) influence and alter
the type, number, and size of the competing sink organs.
Several groups have provided evidence that unloading
at the terminal ends of the phloem is mostly symplastic
through plasmodesmata (Fisher and Oparka, 1996;
Patrick, 1997; Hoth et al., 2005; Stadler et al., 2005), but
apoplastic phloem unloading has also been reported
(Zhang et al., 2004).

Imlau et al. (1999) and Oparka et al. (1999) intro-
duced green fluorescent protein (GFP) as a versatile
symplastic probe that is reasonably stable in plant cells
and that moves cell to cell both after expression of its
open reading frame (ORF) under the control of the CC-
specific AtSUC2 promoter (Imlau et al., 1999) or after
microinjection of the GFP protein (Oparka et al., 1999).
Only recently, Stadler et al. (2005) extended this ap-
proach and analyzed Arabidopsis plants expressing
under the control of the AtSUC2 promoter the ORFs
for mobile and nonmobile GFP variants. In these pro-
teins, GFP was fused to globular proteins of different
molecular masses, membrane anchors, or targeting
and retention signals for the endoplasmic reticulum.
The authors were able to show that plasmodesmata in
the SEs of the protophloem in Arabidopsis root tips
have a large size exclusion limit (SEL; at least 67 kD)
and allow the release of macromolecules into a newly
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described unloading domain. However, only GFP
(27 kD) was able to exit this unloading domain and
move symplastically into other cells of the Arabidopsis
root tip, whereas larger GFP fusions (36 to 67 kD) were
held back or trapped inside this unloading domain
(Stadler et al., 2005). Meyer et al. (2004) showed that
post-phloem movement of GFP within the root tip is
not directed and that GFP synthesized exclusively in
the root-tip rhizodermis can move toward the central
cylinder, suggesting that cell-to-cell movement in post-
phloem sinks occurs by diffusion. In a similar ap-
proach, Hoth et al. (2005) used AtSUC2 promoter/GFP
plants for the analysis of plasmodesmata in syncytia,
which represent secondary sinks that are formed in
Arabidopsis roots upon infection with the cyst nem-
atode Heterodera schachtii. Hoth and coworkers (2005)
showed that these syncytia become symplastically
connected to a newly formed phloem, mainly to the
phloem SEs, and that CC-derived GFP can move into
these SEs and eventually into the syncytia.

The most important sinks of each plant are its seeds.
The maternal layers of angiosperm seeds, the seed coat
or testa, nourish the developing filial organs (i.e. the
endosperm and the embryo), protect the mature em-
bryo, and eventually supply energy and organic car-
bon during germination. For the latter task, seeds form
storage compartments and are therefore of major
economic interest. For this reason, phloem unloading
and post-phloem transport have been studied exten-
sively in the caryopses of wheat (Triticum aestivum;
Wang et al., 1994; Wang and Fisher, 1994; Fisher and
Cash-Clark, 2000a, 2000b) and rice (Oryza sativa; Oparka
and Gates, 1981; Krishnan and Dayanandan, 2003) or
in grain legumes (Offler and Patrick, 1984, 1993; Weber
et al., 1997a, 1997b; Tegeder et al., 1999; Patrick and
Offler, 2001).

The testae of these plants have a vascular compart-
ment embedded in their ground tissue. The sieve
elements of this vascular compartment are symplasti-
cally connected to the ground tissue, which serves as
a symplastic compartment that delivers the nutrients
to the underlying filial tissues (Patrick and Offler,
2001). Several groups showed that the plasmodesmata
involved in phloem unloading and post-phloem move-
ment between the cells of the ground tissue have large
SELs, which may account for the high permeabilities
observed (Offler and Patrick, 1984; Murray, 1987;
Wang and Fisher, 1994; Patrick and Offler, 1995; Patrick
et al., 1995; Fisher and Cash-Clark, 2000a). The sur-
prising result of one of these analyses (Fisher and
Cash-Clark, 2000a) was that fluorescent tracers of up
to 400 kD (fluorescein-labeled Ficoll with a Stokes
radius [Rg] of about 11 nm) were unloaded from the
wheat grain vascular bundle.

The seed anatomy in Arabidopsis differs strongly
from that described for cereals and legumes. There is
no vascular tissue within the developing Arabidopsis
seed, a nucellar projection is not formed, and most of
the nucellar cells have degenerated in the fully de-
veloped seed. The unique vascular bundle that trans-
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locates photoassimilates to an Arabidopsis seed
terminates at the end of the funiculus and releases its
content into the testa proximal to the micropyle, where
the abscission zone (the hilum) will be formed in the
mature seed (Robinson-Beers et al., 1992).

In this article, we dissect the potential symplastic/
apoplastic pathway of photoassimilates in Arabidop-
sis seeds. We apply the noninvasive approach with
transgenic plants expressing different phloem mobile
or nonmobile GFPs under the control of different
promoters (AtSUC2, AtSUC3, AtTT12, and AtGL2).
Analyses of GFP cell-to-cell movement reveal the
symplastic connectivity within and between the in-
dividual structures of the Arabidopsis seed (inner and
outer integument, endosperm, suspensor, and embryo
at different developmental stages). These analyses were
supplemented by an invasive approach using the
membrane-impermeable fluorescent dye 8-hydroxy-
pyrene-1,3,6-trisulfonate (HPTS) and are compared to
the expression patterns of different Suc transporter
genes (AtSUC3 and AtSUCS5) within the seed and the
developing embryo.

The data presented identify the likely post-phloem
path of photoassimilates released from the funicular
end of the phloem to the developing Arabidopsis
embryo. Our results demonstrate that the outer in-
tegument allows movement of unloaded photoassimi-
lates and macromolecules and represents a symplastic
extension of the funicular phloem. Furthermore, our
analyses suggest that the supply of photoassimilates to
the young, globular embryo occurs symplastically via
the suspensor. The results also show that the SEL of the
plasmodesmata connecting the suspensor and embryo
is reduced at the time of hypophysis specification.
Finally, the data presented demonstrate that Arabi-
dopsis embryos constitute a single symplastic domain
during the globular and heart stages and that addi-
tional symplastic domains are formed during embryo
maturation.

RESULTS

Cells of the Outer Integument Form a Symplastic
Continuum and Are Connected by Plasmodesmata
with a Dilated Aperture

The mature Arabidopsis ovule is anatropous (in-
verted; i.e. the micropyle is in close vicinity to the
funicular attachment site) and bitegmic (i.e. it has two
integument layers; Mansfield and Bowman, 1993).
Imlau et al. (1999) had shown that, in AtSUC2 pro-
moter/GFP plants, GFP moved from the CCs into the
SEs and was translocated into the testa of developing
seeds.

A more detailed analysis of the post-phloem trans-
port of GFP within the testa of these plants by confo-
cal laser-scanning microscopy (CLSM) revealed that
movement of unloaded GFP (Fig. 1A) does not occur
in all cell layers of the testa. Rather, it is restricted to the
two cell layers that form the outer integument of the
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Figure 1. Analysis of the symplastic connectivity and of post-phloem GFP movement in the outer integument of Arabidopsis
seeds. A to E, Seeds from AtSUC2 promoter/GFP plants. A, Overview of the GFP fluorescence in a seed from the fifth silique
(2 d old; globular stage of the embryo; bar = 50 um). B, Magnification of the tip region of a seed similar to that shown in A. GFP
fluorescence is detected in both cell layers of the outer integument (oi). No GFP fluorescence is seen in any of the three cell layers
of the inner integument (ii; yellow bar) or in the endosperm (en). Some of the peripheral endosperm nuclei are marked with
asterisks (bar = 25 um). C, Magnification of the basal unloading (uld) domain at the end of the funiculus (fu) of a seed similar to
that shown in A. Weak GFP fluorescence is seen in both cell layers of the outer integument (oi; mi, micropyle; bar =
25 um). D, GFP fluorescence in a seed from the twelfth silique (6 d old; upturned-U stage of the embryo). At this stage, GFP is still
unloaded from the funicular vascular bundle, but post-phloem movement of GFP in the outer integument is no longer detected
(bar = 25 um). E, GFP fluorescence in a seed from the fifteenth silique (10 d old; mature embryo). GFP fluorescence is seen only in
few cells of the unloading domain. At this stage, cell wall (cw) thickening and development of the testa have already started (bar =
25 um). F, Seed from an AtSUC2 promoter/ GFP-sporamin plant. GFP-sporamin is unloaded from the vascular bundle at the end of
the funiculus, but post-phloem movement in the outer integument is not detected (2 d old; globular stage of the embryo; bar =

40 um). G and H, Seed from an AtGL2 promoter/tmGFP9 plant. G, View of the seed from the outside showing AtGL2 promoter
activity in individual cells of the outer integument (oi; bar = 20 um). H, Optical section through the seed shown in G confirming
the AtGL2 promoter activity in the outermost cell layer of the outer integument (oi). A weak activity of the AtGL2 promoter is also
seen in the innermost layer of the inner integument, the endothelium (et; bar = 20 um). I, Seed of an AtGL2 promoter/GFP plant.
GFP fluorescence is seen in both layers of the outer integument (arrows) showing that GFP can move cell to cell not only within the
outer cell layer but also from the outer into the inner cell layer (bar = 25 um). All images represent CLSM images. G is a maximum
projection of a picture stack. All others represent optical sections. Red color results from propidium iodide staining of cell walls.
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Arabidopsis seed (Fig. 1, A-C). No movement of GFP
was observed from these two layers or from the un-
loading domain into the underlying layers of the inner
integument (Fig. 1B). This demonstrates that the cells
of the outer integument are connected by plasmodes-
mata with a large SEL (at least 27 kD [GFP]; see
“Discussion”) and that these cells form a single sym-
plast. Phloem unloading of GFP into Arabidopsis
seeds was compared in siliques at different develop-
mental stages (Fig. 1C, silique no. 5 [2 d old; globular
stage of the embryo]; Fig. 1D, silique no. 12 [6 d old;
upturned-U stage of the embryo]; Fig. 1E, silique no. 15
[10 d old; mature embryo; see “Materials and Meth-
ods”]). Clearly, the extent of GFP unloading decreases
during seed maturation, and in silique number 15
(mature embryo), where seed development is almost
complete and the outer integument starts to develop the
thick-walled testa, GFP is detected only in very few
cells at the seed base.

Phloem unloading was also studied in seeds of
Arabidopsis plants expressing the ORF for a GFP-
sporamin fusion protein (Stadler et al., 2005) under the
control of the AtSUC2 promoter (47 kD). Figure 1F
shows that the GFP-sporamin fusion is unloaded at
the funicular end of the phloem into the unloading
domain of the seed like the unfused GFP. However,
in contrast to GFP, no post-phloem movement was
observed for the 47-kD GFP-sporamin. This lack of
GFP-sporamin movement was independent of the de-
velopmental stage of the ovule, which demonstrates
that the SEL of the cells of the Arabidopsis outer integ-
ument allow macromolecular movement of globular
proteins of up to 27 kD, but not of the 47-kD protein.
Moreover, the plasmodesmal SEL between the cells of
the outer integument is smaller than that of the cells in
the unloading domain.

Clearly, GFP fluorescence observed in the two cell
layers of the outer integument in AtSUC2 promoter/
GFP plants (Fig. 1, B and C) results from the lateral
diffusion of GFP from the unloading domain into these
two layers. However, these data do not show whether
movement of GFP can also occur between these two
cell layers (i.e. from the outer into the inner cell layer or
vice versa). To this end, the analyses of post-phloem
GFP movement in the outer integument were extended
to transgenic Arabidopsis lines expressing the ORFs for
GFP or for a membrane-targeted GFP variant (tmGFP9;
Stadler et al., 2005) directly in one of the two cell layers
of the outer integument. In contrast to the freely mobile
GFP, the membrane-anchored tmGFP9 fusion cannot
move cell to cell because GFP is fused to the C terminus
of six transmembrane helices of the monosaccharide
transporter AtSTP9 (Schneidereit et al., 2003; Stadler
et al., 2005). The ORFs for these fluorescent probes
were expressed under the control of the Arabidopsis
GLABRA 2 (AtGL2) promoter that is known to be ac-
tive in the outer cell layer of the outer integument
(Windsor et al., 2000), as well as in roots (Masucci et al.,
1996) and in leaves and trichomes (Szymanski et al.,
1998).
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Our analyses of AtGL2-dependent tmGFP9 fluores-
cence in the outer integument confirm previous re-
ports on the activity of this promoter in the outermost
cell layer of the testa (Windsor et al., 2000). No AtGL2
promoter activity was observed in the inner cell layer
of the outer integument (Fig. 1, G and H). However,
there were two new and unexpected observations: (1)
the AtGL2 promoter drives expression of tmGFP9 only
in distinct cells of the outer cell layer in the outer
integument, whereas other cells do not show any
detectable tmGFP9 fluorescence (Fig. 1, G and H);
and (2) weak activity of the AtGL2 promoter was also
detected in the innermost cell layer of the inner in-
tegument, the endothelium (Fig. 1H). In contrast, the
fluorescence patterns of GFP in AtGL2 promoter/GFP
plants (Fig. 1I) showed GFP fluorescence in both cell
layers of the outer integument. This confirms the
results obtained with AtSUC2 promoter/GFP plants
(Fig. 1B) showing that the cells of the outer integument
form a symplastic domain and are connected by
plasmodesmata with a dilated aperture. In addition,
these data show that macromolecules, such as GFP, can
move symplastically not only within the outer layer of
the outer integument but also centripetally, i.e. from the
outer cell layer into the inner cell layer of the outer
integument (and probably also in the opposite direc-
tion). As in Fig. 1B, no movement of GFP could be
observed into the inner integument (Fig. 1H).

All Cells of the Inner Integument Form a Symplastic
Continuum and Are Connected by Plasmodesmata
with a Dilated Aperture

The symplastic connectivity between the cells of the
inner integument was analyzed in transgenic Arabi-
dopsis plants expressing the ORFs of GFP or tmGFP9
under the control of the Arabidopsis TRANSPARENT
TESTA 12 (AtTT12) promoter. AtTT12 encodes a mul-
tidrug transporter-like protein and is expressed in
the endothelium, the innermost cell layer of the testa
(Debeaujon et al., 2001). The fluorescence pattern
observed in AtTT12 promoter/tmGFP9 plants con-
firmed the published promoter activity in this cell
layer (Fig. 2A). In contrast, the GFP fluorescence in
AtTT12 promoter/GFP plants showed that free GFP
can move symplastically from the endothelium into
the adjacent, middle cell layer of the inner integument
and even into the outermost cell layer adjacent to the
outer integument (Fig. 2B). This shows that all cells of
the inner integument do form a symplastic domain
and are connected by plasmodesmata with a dilated
aperture, allowing the macromolecular movement of
proteins of at least up to 27 kD.

Outer and Inner Integument Share Few or
No Functional Plasmodesmata

The results presented so far suggest that the cell
wall between the innermost cell layer of the outer
integument and the outermost cell layer of the inner
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Figure 2. Analysis of the symplastic connectivity between the inner
and outer integuments of Arabidopsis seeds. A and B, Analysis with
ALTT12 promoter/tmGFP9 plants. C to E, Analysis with HPTS. A, Seed
of an AtTT12 promoter/tmGFP9 plant. The fluorescence of the mem-
brane-bound GFP is restricted to the endothelium (et). No tmGFP9
fluorescence is detected in the two other cell layers of the inner
integument (ii; yellow bar; bar = 50 um). B, Seed of an AtTT12
promoter/GFP plant. Strong GFP fluorescence is seen in the endothelial
(et) layer, where the AtTT12 promoter is active (see A), but clearly GFP
can diffuse into the two adjacent cell layers (direction of the white
arrow). The two yellow bars show the inner and outer borders of the
inner integument (scale bar = 20 um). Both images represent optical
sections (CLSM). Red color results from propidium iodide staining of
cell walls. C, Optical section through an Arabidopsis wild-type seed
120 min after HPTS loading (bar = 20 um). D, Optical section through
an Arabidopsis wild-type seed 4 h after HPTS loading (bar = 20 um). E,
Optical section through an Arabidopsis wild-type seed 5 h after HPTS
loading (bar = 50 um). All images represent CLSM images. All images
represent optical sections. Red color results from propidium iodide
staining of cell walls.

integument has either no plasmodesmata or plasmo-
desmata with a less- dilated aperture that prevent
movement of GFP between the integuments. We tested
these two possibilities in dye-loading experiments
with the low-M, fluorescent probe HPTS and followed
the distribution of these dyes by CLSM. HPTS has
previously been used as a symplastic probe, can be
applied via Arabidopsis leaves, is loaded into the
phloem and distributed to the different sink tissues
with the flow of assimilates, and eventually is sym-
plastically unloaded (Wright and Oparka, 1996).

In HPTS-loaded plants, fluorescence was found in
both layers of the outer integument quite early (Fig.
2C; 120 min) and HPTS stayed in the outer integument
also after a prolonged supply (Fig. 2, D [4 h] and E
[5h]). HPTS fluorescence in the inner integument was
detected only occasionally and, even in these rare
cases, the fluorescence stayed much stronger in the
outer than in the inner integument. Our data on the
movement of low-M, fluorescent probes demonstrate
that, in fact, plasmodesmata seem to be absent or

Plant Physiol. Vol. 139, 2005

Symplastic Domains in Seeds and Embryos

scarce in the walls between the inner and outer in-
tegument. The nonmembrane-permeable dye HPTS
showed no movement across this border.

The Suspensor Forms a Symplastic Continuum with
the Globular Stage Embryo

After fertilization of the egg cell, the polarized zygote
divides into two cells with the basal cell that is adjacent
to the micropylar end of the seed forming the suspen-
sor. This structure has repeatedly been shown to pro-
mote growth of in vitro cultured embryos and to
represent the major route of nutrient uptake and an
important source for growth regulators for globular and
heart-stage embryos (for review, see Yeung and Meinke,
1993). Uptake of *C-Suc by suspensors of Phaseolus
was shown to be sensitive to uncouplers (Yeung, 1980),
but promotion of embryo growth was said to occur by
facilitated diffusion (Yeung and Meinke, 1993).

To determine the possible mode of nutrient supply
and growth regulator movement from the suspensor
into the embryo and vice versa, we expressed the ORFs
of GFP and tmGFP9 in the suspensor of Arabidopsis
embryos using the promoter of the Arabidopsis Suc-
transporter gene AtSUC3 that was known to be active in
several sinks, including the suspensor (Meyer et al.,
2004). As previously described, tmGFP9 fluorescence
was seen exclusively in the suspensor in AtSUC3 pro-
moter/tmGFP9 plants (Fig. 3A). In contrast, in AtSUC3
promoter/GFP plants, fluorescence was seen in the
suspensor as well as the embryo, indicating that GFP
can move from the suspensor into the globular embryo
and that the suspensor and the early embryo form a
single symplast.

GFP Can Move from the Embryo Epidermis into the
Inner Embryo Cell Layers, But Mobility of GFP Is
Reduced during Embryo Development

Numerous auxin-regulated genes, such as PIN-
FORMED1 (PIN1), PIN4, PIN7, MONOPTEROS,
BODENLOS (BDL), REVOLUTA, PHAVOLUTA,
MERISTEM LAYERI1, and others, are known to show
promoter activity in specific cells of the early globular,
late globular, and triangular stages of Arabidopsis em-
bryos (for review, see Weijers and Jiirgens, 2005). In-
terestingly, in several cases, the site of gene expression
is different from the site of protein action (Berleth and
Jirgens, 1993; Hamann et al., 1999), indicating non-cell-
autonomous regulatory mechanisms. The movement of
GFP from the suspensor into all cells of the early
globular embryo (Fig. 3, A and B) suggests a possible
cell-to-cell movement not only for hormones such as
auxin, but also for regulatory proteins, such as indole-3-
acetic acid 12 (encoded by BDL) that has an apparent
molecular mass of 26.3 kD and is therefore in the same
size range as GFP, with a mass of 27 kD. In fact, only
recently Kim and coworkers (2005) reported that the
embryo constitutes a single symplast because GFP
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Figure 3. Symplastic connectivity in the suspensor and the developing
Arabidopsis embryo. A, Globular stage embryo (em) and suspensor (su) of
an AtSUC3 promoter/tmGFP9 plant. Green tmGFP9-derived fluores-
cence is detected in all cells of the suspensor and in the hypophysis (hp).
The asterisk marks the endothelium, where the AtSUC3 promoter is also
active (bar = 25 um). B, Globular stage embryo (em), hypophysis (hp),
and suspensor (su) of an AtSUC3 promoter/GFP plant. In contrast to A,
green GFP-derived fluorescence is detected also in all cells of the embryo.
The asterisk marks the endothelium, where the AtSUC3 promoter is also
active (bar = 25 um). C, View of an intact early heart-stage embryo of an
AtGL2 promoter/tmGFP9 plant showing tmGFP9 fluorescence only in
distinct cells in the hypocotyl region (bar = 20 um). D, View of an intact
early heart-stage embryo of an AtGL2 promoter/GFP plant showing GFP
in all cells. Bright green dots show GFP accumulation in nuclei (bar =
20 um). E, Optical section of the embryo shown in C showing that tmGFP9
fluorescence is restricted to the hypocotyl (hy) epidermis (bar = 20 um).
F, Optical section of the embryo shown in D showing GFP in all
epidermis cells (arrows), but also in all underlying cell layers (bar =
20 um). G, View of a midtorpedo-stage embryo of an AtGL2 promoter/
tmGFP9 plant. tmGFP9 fluorescence is seen only in rows of cells in the
hypocotyl and the lower part of the cotyledons (bar = 40 um). H, View of
an intact midtorpedo-stage embryo of an AtGL2 promoter/GFP plant.
GFP fluorescence is seen in all cells (bar = 40 um). I, Optical section of
the embryo shown in G showing that tmGFP9 fluorescence is restricted to
the hypocotyl (hy) epidermis (bar = 40 um). K, Optical section of the
embryo similar to that shown in H showing strong GFP fluorescence in all
cells of the epidermis (arrows) and in the root tip. GFP can still move into
the underlying cell layers of the embryo, but movement into these cells is
clearly reduced compared to the heart-stage embryo shown in F (bar =
40 um). All images represent CLSM pictures. C, D, G, and H are
maximum projections of picture stacks; all others represent optical
sections. Red color shows propidium iodide-stained cell walls in A and
B and chlorophyll autofluorescence in all other images.
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synthesized under the control of a meristem-specific
promoter moved into all cells of developing embryos.

We analyzed the capacity of GFP to move cell to cell
in embryos in early heart- (Fig. 3, C-F) and midtorpedo-
stage embryos (Fig. 3, G-K) in Arabidopsis AtGL2
promoter/tmGFP9 and in AtGL2 promoter/GFP plants.
Figure 3, C and E (early heart stage), and Figure 3, G
and I (midtorpedo stage), show that tmGFP9 is ex-
pressed only in distinct cells in the epidermis in the
embryo hypocotyl. Consequently, no tmGFP9 fluores-
cence is seen in the cotyledons or in subepidermal
layers of these embryos. In contrast, free GFP moves
into all cells of the early heart-stage embryo (Fig. 3, D
and F) showing that, at this stage, the embryo is still
one large symplastic continuum. However, GFP move-
ment within the epidermis seems to be more rapid
than the movement from the epidermis into the inner
embryo because stronger GFP fluorescence is detected
in all epidermis cells of the embryo. This was even
more obvious in midtorpedo-stage embryos, where
GFP can still move from the epidermis into all inner
cells (Fig. 3K); however, this centripetal movement of
GFP out of the epidermis is clearly less efficient than
GFP movement within the epidermis (Fig. 3, H, and
arrows in K).

This observation was confirmed by a quantification
of the GFP fluorescence in three different areas (epi-
dermis where the AtGL2 promoter is active, epidermis
where the AtGL2 promoter is not active, and ground
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Figure 4. Quantification of the intensity of GFP fluorescence in
different areas of heart-stage and torpedo-stage embryos of AtGL2
promoter/GFP plants. The GFP fluorescence (497-526 nm; mean = sp)
from four to six images was determined in three different areas by
integration. The selected areas were (1) epidermis from the hypocotyl
(white bars), where the AtGL2 promoter is known to be active (see Fig.
3, Eand I); (2) epidermis from the emerging cotyledons (hatched bars),
where the AtGL2 promoter was shown not to be active (see Fig. 3, E and
I); and (3) ground tissue cells from the emerging cotyledons (black bars).
All values were normalized to the same area and the intensity at the site
of AtGL2 promoter activity was always set to 100%. The hatched bars
show that the intensity of GFP movement within the epidermis is the
same in heart-stage and in torpedo-stage embryos. The black bars
demonstrate that movement of GFP from the epidermis into the
underlying ground tissue is reduced by a factor of 3 during the
transition from heart stage to torpedo stage.

Plant Physiol. Vol. 139, 2005



tissue) of heart-stage and torpedo-stage embryos from
AtGL2 promoter/GFP plants (Fig. 4). The extent of
GFP movement within the epidermis is not altered
during the transition from heart stage to torpedo
stage. In contrast, GFP movement into the underlying
ground tissue, which is comparable to the movement
within the epidermis in heart-stage embryos, is reduced
by a factor of 3 in torpedo-stage embryos.

Formation of Symplastic Units during
Embryo Development

The data shown so far demonstrate that although
GFP can, in principle, move from the epidermis into all
cells of the embryo, the symplastic connectivity between
the epidermis and the underlying cell layers seems to be
continuously reduced during embryo development. In
contrast, the connectivity between the individual cells of
the epidermis stays high. This suggests that, in the
midtorpedo stage, symplastic units start to develop first
in the Arabidopsis embryo.

To study in more detail the possibility of symplastic
units forming first at this stage, we analyzed the
distribution of free GFP in embryos of AtSUC3 pro-
moter/GFP plants. First, it was shown in Figure 3, A
and B, that GFP synthesized in the suspensor can
move into globular-stage embryos. We were interested
to see whether this movement is also maintained in
older embryos. Second, we had observed that the
AtSUC3 promoter is active in distinct cells of embryos
starting at the midtorpedo stage. We studied the
movement of GFP out of these cells.

Figure 5A shows an optical section through a tri-
angular-stage embryo from an AtSUC3 promoter/GFP
plant. As in the globular stage (Fig. 3A), the AtSUC3
promoter is active in the suspensors of this embryo.
However, at this stage no movement of GFP from the
suspensor into the embryo or into the hypophysis can
be observed. This demonstrates that, during the tran-
sition from globular stage to heart stage, the sym-
plastic connectivity between suspensor and embryo
hypophysis is reduced.

Figure 5, B to E, shows Arabidopsis embryos in the
torpedo stage with AtSUC3 promoter activity in the
root. In AtSUC3 promoter/tmGFP9 embryos, the re-
sulting tmGFP9 fluorescence is restricted to the out-
ermost cell layer of the root tip (Fig. 5, B and C),
whereas free GFP can move into the hypocotyl in
AtSUC3 promoter/GFP embryos (Fig. 5, D and E). This
supports the conclusion drawn from the results shown
in Figure 3, indicating that GFP can move freely within
the embryo.

Figure 6, F to L, shows almost fully developed
embryos from AtSUC3 promoter/tmGFP9 plants (Fig.
6, F-H) or from AtSUC3 promoter/GFP plants (Fig. 5,
I-L). At this stage, the AtSUC3 promoter is still active in
the root tip, but additional AtSUC3 promoter activity is
seen in individual cells of the cotyledons (Fig. 5, H and
L). The fluorescence in the root tip is restricted to the
outermost cell layer in AtSUC3 promoter/tmGFP9
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Figure 5. Initiation and formation of symplastic units during embryo
maturation. A, Optical section through a triangular stage embryo (em)
of an AtSUC3 promoter/GFP plant. GFP fluorescence is seen in the
endothelial layer of the inner integument (asterisk) and in the suspensor
(su). Movement of GFP from the suspensor into the embryo or the
hypophysis (hp) is no longer detected at this stage (bar = 25 um). B and
C, Confocal projection (B) or optical section (C) of an AtSUC3
promoter/tmGFP9 embryo in the midtorpedo stage. B, View of the
intact embryo. tmGFP9 fluorescence is seen only in the root tip (bar =
50 um). C, tmGFP9 fluorescence is restricted to the root-tip epidermis
(bar = 50 wm). D and E, Confocal projection (D) or optical section (E) of
an AtSUC3 promoter/GFP embryo in the midtorpedo stage. D, View of
the intact embryo shows a gradient of GFP diffusing from the root tip
toward the apex (yellow arrow; bar = 50 um). E, GFP does move from
the root-tip epidermis into the adjacent cell layers of the embryo, but, as
in Figures 3K and 5D, diffusion seems to be better within the epidermis
(bar = 50 um). F to H, View from the outside (confocal projection) of
the almost mature embryo of an AtSUC3 promoter/tmGFP9 plant (F) or
optical sections from the embryo root tip (G) or the cotyledon (H). F,
tmGFP9 fluorescence is seen only in the root tip. The fluorescence
shown in H is weaker than that in the root tip and is not seen in this
image (bar = 200 um). G, tmGFP9 fluorescence is confined to the
epidermis of the root tip (bar = 50 um). H, tmGFP9 fluorescence is
seen in individual cells of the cotyledon (arrows). Due to the low
expression of tmGFP9 in these cells, the cell borders are difficult to
visualize. The inset shows a single cell at slightly higher magnification
(bar = 25 um; inset, 10 um). | to L, View from the outside (confocal
projection) of the almost mature embryo of an AtSUC3 promoter/GFP
plant (1) or optical sections from the embryo root tip (K) or the cotyledon
(L). 1, GFP fluorescence is seen in distinct cells of the cotyledons and in
the root tip (bar = 200 wm). K, GFP can move from the cells of the root-
tip epidermis into all adjacent cells, but movement of GFP is seen
primarily in the developing stele (st) in the center of the hypocotyl
(bar = 50 um). L, GFP fluorescence is seen in individual cells on the
cotyledon (arrows). No movement of GFP out of these cells can be
detected (bar = 50 um). Red color shows chlorophyll autofluorescence
in all images.
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Figure 6. Model showing the symplastic domains in a developing
Arabidopsis seed and the deduced path of assimilates. A, All maternal
tissues of the seed are shown in white, the endosperm in light orange,
and the suspensor and the embryo in yellow. B, Flux of assimilates in the
vascular bundle of the funiculus. This bundle ends in the testa proximal
to the micropyle. C, Unloading into the post-phloem unloading
domain. D, Movement within the outer integument (red arrows), which
forms a symplastic extension of the vascular tissue. E, Centripetal
transport (red arrows) from the outer integument toward the endosperm
over two apoplastic borders. In the young seed, the suspensor and the
embryo form a single symplastic domain (Fig. 3, A and B). F, During the
early heart stage. the symplastic continuity between embryo and
suspensor is interrupted (Fig. 5A) and the embryo forms a single
symplastic domain. G, During the transition from heart to midtorpedo
stage, the symplastic connectivity between epidermis and inner cell
layers of the embryo is gradually reduced. The symplastic connectivity
between the cells of the epidermis is high. H, In mature embryos, the
developing stele in the root and the hypocotyl begins to form an
independent domain. Cells within the stele show high symplastic
connectivity, allowing the movement of GFP synthesized in the root-tip
epidermis (Fig. 5, F and G). The symplastic connectivity between
developing stele and root cortex is low and significant movement of
GFP out of the stele is not observed. At the same time, individual cells
along the leaf vascular bundles show reduced symplastic connectivity
to their adjacent cells. GFP synthesized in these cells (Fig. 5H) does not
move out of these cells (Fig. 5L).

plants (Fig. 5G) as in the younger embryo stages (Fig. 5,
B and C). In AtSUC3 promoter/GFP plants, GFP does
again move into all adjacent cells, but, in contrast to the
younger embryo stages, movement of GFP is seen
primarily in cells in the center of the hypocotyl, most
likely the developing stele (Fig. 5K).

A comparison of the fluorescence patterns in the
embryo cotyledons shown in Figure 5H (tmGFP9) and
in Figure 5L (GFP) shows that, in both cases, individual
cells fluoresce. Surprisingly, free GFP does not move
out of these cells in AtSUC3 promoter/GFP plants, sug-
gesting that these cells are connected to their neighbor
cells by plasmodesmata with a closed or less dilated
aperture. These green fluorescent cells form a pattern
(Fig. 5, H and L) that resembles that of the vascular
tissue in mature cotyledons (Truernit and Sauer, 1995).
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However, the size of these cells and the fact that they do
not form a continuous file of labeled cells show that
they do not represent parts of the developing vascu-
lature. Rather, they look like individual, large cells
(S cells) that are known to express AtSUC3 and that
were shown to be in close proximity to the vasculature
in mature Arabidopsis leaves (Koroleva et al., 2000;
Meyer et al., 2000, 2004).

In summary, the data presented demonstrate that,
during the late stages of embryo development, the
symplastic connectivity is gradually reduced between
individual cells or between groups of cells that are
about to form future tissues (epidermis or stele). In the
mature or almost mature embryo, symplastic units
(or symplastic domains) are formed first, which separate
symplastically from the rest of the embryo and are no
longer connected to their neighbor cells by plasmo-
desmata with a dilated aperture.

DISCUSSION

Developing seeds of higher plants are complex
structures that are composed of a set of different sink
tissues cooperating to feed and shelter the growing
embryo. This article (1) dissects the symplastic do-
mains in developing Arabidopsis seeds; (2) identifies
apoplastic borders, where carrier-mediated transport
has to be postulated; and (3) describes the modulation
of symplastic connectivities between defined cells and
cell clusters in the developing embryo.

The SEL of Plasmodesmata

There is no direct relationship between the molec-
ular masses and the molecular dimensions of different
molecules. For example, a 25-kD dextran and a 51-kD
globular protein both have the same Rg (3.0 nm;
Oparka and Santa Cruz, 2000). Therefore, the size of
moving molecules should ideally be given in terms of
molecular dimension (nm) and not in terms of molec-
ular mass (kD). This is possible for more-or-less ball-
shaped molecules like dextrans (Jorgensen and Moller,
1979) or globular proteins (Le Maire et al., 1986). For
GFP, Rq values of 2.8, 2.35, or 2.6 nm were deduced
from its translational diffusion coefficient (Terry et al.,
1995), from gel filtration experiments (Ribbeck and
Gorlich, 2001), or from cell-to-cell mobility assays
(Fisher and Cash-Clark, 2000a; average Rg = 2.6 nm).

In contrast to free GFP, however, the GFP-sporamin
fusion (47 kD) used in this and other articles (Hoth
et al., 2005; Stadler et al., 2005) represents a fusion of
two globular proteins with individual Rg values (2.6 nm
for GFP and 2.0 nm for sporamin; deduced from Le Maire
et al, 1986). A precise molecular dimension can,
therefore, neither be given for GFP-sporamin nor for
other fusions used in similar analyses (e.g. dimerized
GFP [Kim et al., 2005] or GFP-ubiquitin or GFP-patatin
[Stadler et al., 2005]). For this reason, we mostly refer
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to the SEL of plasmodesmata in kilodaltons rather than
in nanometers.

The Outer Integument Is a Post-Phloem Extension of
the Vascular Tissue

GFP synthesized in the CCs is released at the end of
the single vascular strand of the funiculus into a set of
cells at the seed base (Fig. 6, A and B). This unloading
is also seen for GFP-sporamin, which does move from
the vascular bundle of the funiculus into the same cells
(Fig. 1F). The observation that only GFP (27 kD), but
not the GFP-sporamin fusion (47 kD), can move from
this unloading zone into the other cells of the outer
integument resembles the phloem unloading in Arab-
idopsis root tips (Stadler et al., 2005). In both cases,
the 47-kD fusion protein is unloaded from the phloem
into a small set of cells, and, in both cases, only the
27-kD protein can move from these cells into the adjacent
sink organ, i.e. into the root tip (Stadler et al., 2005) or
into the outer integument (this article). This suggests
a common mechanism of phloem unloading in both
terminal sinks and the existence of discrete unloading
domains with similar SELs (at least 47 kD) in both
cases. Interestingly, unloading of even larger mole-
cules (400-kD dextran) has been reported in wheat
grains (Fisher and Cash-Clark, 2000a). It will be neces-
sary to analyze Arabidopsis lines expressing larger
GFP fusions to see whether unloading of these mole-
cules is also possible from the funicular phloem. Fisher
and Cash-Clark (2000a) reported also that the largest
molecules showing post-phloem transport in wheat
grains were 16-kD dextrans with an Rq of 2.6 nm. As
mentioned above, GFP has about the same Rg, in-
dicating that the SEL of plasmodesmata in the post-
phloem path is similar in wheat and in Arabidopsis.

The movement of unloaded GFP into all cells of the
outer integument, and its movement from the outer
cell layer of the outer integument into the inner cell
layer of the outer integument in AtGL2 promoter/GFP
plants (Fig. 1I), demonstrates that all cells of both cell
layers of the outer integument form a single symplast
and that all these cells are connected by plasmodes-
mata with a dilated aperture (SEL at least 2.6 nm or
27 kD protein), thus forming a symplastic post-phloem
extension of the funicular phloem.

Identification of Apoplastic Borders

The fact that neither GFP (Fig. 1, A-C) nor the low-
M, dye HPTS (Fig. 2, C-E) can move from the outer
into the inner integument shows that the two integu-
ments are not connected by functional plasmodesmata
or at least not by a significantly large number. The
movement of GFP within the inner integument of
AtTT12 promoter/GFP plants (Fig. 2, A and B) dem-
onstrates that all three cell layers of this integument
also constitute a single symplast. This observation and
the fact that the endosperm, which is next to the inner
integument, is a syncytium and cellularizes quite late
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in its development (Otegui and Staehelin, 2000) shows
that there are only three apoplastic borders between
the phloem and the embryo: (1) between the outer and
inner integument; (2) between the inner integument
and the endosperm; and (3) between the endosperm
and the embryo. Only for these apoplastic steps does
a carrier-mediated transport (e.g. for Suc or amino
acids) seem necessary. In the case of Suc, these trans-
port steps could, for example, be catalyzed by the Suc
transporters AtSUC3 and AtSUC5, which are present
in the cell layers adjoining these apoplastic gaps
(AtSUC3 in specific cell layers of the integuments
and in the suspensor [Meyer et al., 2004] and AtSUC5
in the endosperm and in the embryo [A. Ludwig and
N. Sauer, unpublished data]).

The importance of symplastic post-phloem trans-
port in the testa has previously been described by
several other groups (for review, see Patrick and Offler,
2001). However, all plants used in these analyses
(grain legumes and cereals) possess a vascular com-
partment in their testa and the photoassimilates move
symplastically from the testa phloem into the seed coat
symplast. Eventually, specialized cells of this symplast
release the photoassimilates into the seed apoplast
(Patrick and Offler, 1995; Wang et al., 1995). An apo-
plastic border within the testa has not been observed
in these plants.

We speculate that, in Arabidopsis, the outer integ-
ument functions as a symplastic extension of the
funicular phloem, with a physiological role that is
similar to that of the vascular compartment in the testa
of cereals and grain legumes (import of photoassimi-
lates into the testa). In contrast, the function of the
Arabidopsis inner integument is similar to that of the
ground tissue or of the seed coat symplast in grain
legumes and cereals (transit of photoassimilates to the
inner surface and release from the testa; Fig. 6, D and
E). The main difference is that there is no symplastic
connection between the inner and outer integument in
Arabidopsis. In contrast, the vascular compartment
of the testa is symplastically connected directly to
the symplastic compartment that is responsible for
the release of photoassimilates to the seed apoplast
(Patrick and Offler, 2001).

Symplastic Domains in the Developing Embryo

After the uptake of nutrients by plasma membrane
transporters of the suspensor (e.g. of Suc by AtSUC3;
Fig. 3A), these substances have to be delivered to the
growing embryo. In fact, it is generally assumed that
the suspensor has a nutritive function for the young
embryo (Yeung and Meinke, 1993). However, this
function is most likely limited to the early steps of
embryo development because, in Arabidopsis, the
suspensor begins to degenerate around the heart stage
of embryo development (Meinke, 1994). Nothing was
known about possible symplastic connections between
the suspensor and, if present, how or when such
connections might be closed prior to the degeneration
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of the suspensor. Figure 3, A and B, demonstrates that
the embryo and the suspensor form, in fact, a single
symplast in the globular stage of embryo development.
The plasmodesmata connecting the suspensor to the
embryo and the embryo cells with each other allow the
movement of GFP and have, therefore, a SEL of at least
2.6 nm. However, already during the triangular stage of
embryo development, the SEL of the plasmodesmata
connecting the hypophysis and the adjacent cell of the
suspensor is reduced, and GFP synthesized in the
suspensor can no longer move into the hypophysis or
the embryo (Fig. 5A). Obviously, the symplastic con-
nectivity between suspensor and embryo changes well
before the initiation of suspensor degradation. Interest-
ingly, this symplastic disconnection of the suspensor
from the hypophysis and the embryo coincides in time
with the specification of the hypophysis. This occurs in
response to an auxin signal from the embryo (Weijers
and Jiirgens, 2005), and mutants that fail to specify the
hypophysis at this stage (monopteros and bdl; Berleth
and Jirgens, 1993; Hamann et al., 1999) do not make an
embryonic root. The observed change in the symplastic
connectivity of hypophysis plasmodesmata may play
an important role in this developmental step.

Up to this stage, the embryo constitutes a single
symplast (Kim et al., 2005; this article) and nutrients,
signaling molecules, hormones, and even small pep-
tides can move quite freely from one cell to the other.
However, beginning with the heart stage and even more
pronounced in the torpedo stage, GFP starts to move
better or preferentially between certain cell types (e.g.
within the epidermis [Figs. 3, F and K, and 4] or from
the root tip into the stele [Fig. 5K]) and less good be-
tween others (e.g. from the epidermis into the underly-
ing cells [Figs. 3, F and K, and 4]). This suggests that
either the number of plasmodesmata or their SEL is
gradually reduced during embryo development and
during the onset of tissue differentiation. During the
final steps of embryo maturation, individual cells can
be labeled even with freely mobile GFP (Fig. 5, H and
L), demonstrating that, at this stage, the free movement
of macromolecules is no longer possible between all
cells of the embryo.

Kim and coworkers (2005) suggested that the em-
bryo is a single symplast at all developmental stages,
and large symplastic domains have also been de-
scribed in the filial tissues of grain legume seeds (for
review, see Patrick and Offler, 2001). Our results dem-
onstrate the formation of new symplastic domains
during embryo maturation in Arabidopsis and the
partial uncoupling of these domains from neighbor do-
mains (Figs. 3, G and K, and 5K). In some cases,
macromolecular cell-to-cell movement even stops
completely (Fig. 5L). This shows that the formation
of symplastic domains can be visualized in the de-
veloping embryo and that it coincides with the begin-
ning differentiation of certain cells or tissues (e.g.
epidermis, vasculature, and S cells). It also demon-
strates, however, that the site of GFP synthesis plays an
important role in whether or not its movement can be
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detected. Obviously, synthesis of GFP from a synthetic
promoter and movement of GFP within the entire
ground tissue (Kim et al., 2005) make it difficult to
detect individual cells that are not connected to this
symplast.

The symplastic domains described in our analyses
and also the large SELs of their plasmodesmata may
not only be important for directing and regulating the
flow of assimilates, but also may contribute to correct
morphogenesis, e.g. by allowing the movement of
transcription factors (Lucas et al., 1995; Sessions et al.,
2000; Nakajima et al., 2001; Wu et al., 2003) or RNAs
(Ruiz-Medrano et al., 1999; Xoconostle-Cazares et al.,
1999). With this in mind, and with the data on the
movement of GFP in Arabidopsis embryos (Kim et al.,
2005; this article), it is surprising that, in globular or
heart-stage Arabidopsis embryos, an apical-to-basal
flow is described for the low-M, phytohormone auxin
that is exclusively in the apoplast (Friml et al., 2004;
Blilou et al., 2005). It has been postulated that this flow
occurs by alternating export of auxin from one cell and
import of auxin by a transporter-mediated polar auxin
transport. Our data and the data of Kim et al. (2005)
would suggest, rather, that auxin, once it is inside the
embryo symplast, would move cell to cell quite ef-
ficiently. Therefore, it is also difficult to imagine how
auxin could act as a signaling molecule only in the ter-
minal cell, the hypophysis, and not in all cells on its
way (Friml et al., 2004).

It is, therefore, intriguing to speculate that the phys-
iological role of PIN1 and related proteins that are said
to act in auxin export to the neighboring cell for re-
import (Blilou et al., 2005) is rather the efficient ex-
pulsion of this signaling molecule from the symplast to
avoid auxin action in the wrong cells. In this case, the
apical-to-basal auxin flow would occur mainly or exclu-
sively in the apoplast, and the cell specificity of auxin
action could be mediated by the cell-specific expression
of auxin importer genes, e.g. in the hypophysis (e.g.
PIN4; Friml et al., 2002; Weijers and Jiirgens, 2005).

MATERIALS AND METHODS

Arabidopsis Lines Expressing GFP or Different
GFP Fusions

Some of the Arabidopsis (Arabidopsis thaliana) lines used for the analyses
presented were described before (AtSUC2 promoter/GFP plants [Imlau et al.,
1999]; AtSUC3 promoter/GFP plants and AtSUC3 promoter/tmGFP9 plants
[Meyer et al., 2004]). These and all other plants were grown under long-day
conditions (16-h light/8-h dark) at 21°C. The Escherichia coli strain DH5«
(Hanahan, 1983) was used for all cloning steps. Transformation of Arabidopsis
was performed using Agrobacterium tumefaciens strain GV3101 (Holsters et al.,
1980).

Construction of Plants Expressing GFP or tmGFP9 under
the Control of Arabidopsis AtGL2 or AtTT12 Promoters

For the construction of the AtTT12 promoter/GFP construct, a 2,280-bp
TT12 promoter fragment was amplified from genomic DNA (ecotype
Wassilewskija) by PCR using the primers TT12g-2262F (5'-GCA TGC CTG
CAG GCA CTT GGC AAG ATT ATG TTC TGG TCA CC-3') and TT12g+16R
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(5'-CTC TGT GGA GCC CAT GGT CCG TTT ATT AGT TCC-3'). The fragment
was cloned into pGEM-T Easy (Promega GmbH), sequenced, used to replace
the AtSUC2 promoter in front of the GFP ORF in pAF12 with HindIII and Ncol
(Stadler et al., 2005), yielding pMHI11, and finally cloned into the plant
transformation vector pAF16 with HindIIl and Sacl (Stadler et al.,, 2005),
yielding pMH11a. pAF16 represents a modified version of the plant trans-
formation vector pGPTV-bar (Becker et al., 1992). For the construction of the
AtTT12 promoter/tmGFP9 construct, a genomic AtSTP9 fragment was excised
from pMH4 (Stadler et al., 2005) with NcoI and cloned into the unique Ncol site
in the start ATG of GFP in pMHI1. The resulting AtTT12 promoter/tmGFP9
box was cloned into pAF16 (with Sdal and Xbal) yielding pMH1lc. The
genomic AtSTP9 fragment used in this construct contains two introns and
codes for the 232 N-terminal amino acids (Schneidereit et al., 2003).

For the construction of the AtGL2 promoter/GFP construct, a 2,140-bp
AtGL2 promoter fragment was amplified from genomic DNA (ecotype
Wassilewskija) by PCR using the primers GL2g-2190F (5'-CTA ACA ATT
CCC TAG GCC GTA CGA CGA-3') and GL2g+4R (5'-CCA TGG ACA TAC
AAA TCC TGT CCC TAG CTA GCT TC-3'). The fragment was cloned into
pGEM-T Easy, sequenced, and used to replace the AtSUC2 promoter in front
of the GFP ORF in pAF12 with HindIII and Ncol (yielding pMH9) and finally
cloned with HindIIl and Sacl into the plant transformation vector pAF16
(yielding pMH9a). For the construction of the AtGL2 promoter/tmGFP9, the
above-mentioned genomic AtSTP9 fragment was cloned into the unique Ncol
site in the start ATG of GFP in pMH9. The resulting AtGL2 promoter/tmGFP9
box was cloned into pAF16 (HindlIII and Sacl) yielding pMH9c.

Phloem Loading of HPTS

Phloem loading with the water-soluble HPTS (Molecular Probes; 2.5 mm
solution in water) was performed essentially as described by Gisel and
coworkers (1999).

CLSM

Seeds and embryos were imaged using CLSM (Leica TCS SP II; Leica
Microsystems). For cell wall staining, the plant material was incubated in 0.5%
propidium iodide for 10 min at room temperature and washed twice with
water. GFP was excited by 488-nm light produced by an argon laser and
observed using a detection window from 497 to 526 nm. Propidium iodide-
stained cell walls were detected with the argon laser 488-nm line and
a detection window of 595 to 640 nm.

For some analyses, we compared seeds from siliques of different de-
velopmental stages. The siliques were counted beginning at the top of the
inflorescence. Silique number 1 represents the ovary of the first bud, where the
white petals were visible (developmental stages were named as in Bowman,
1993).

Optical sections of picture stacks were made with the Leica confocal
software 2.5 (Leica Microsystems) or with the Amira 3D visualization software
3.1 (Indeed Visual Concepts).

GFP fluorescence was quantified using the Analysis Docu 3.2 software
package (Soft Imaging System).
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